The development of MV underground 
INTRODUCTION
To better protect itself against climatic hazards and for better installation of its network in the environment, ERDF, a subsidiary of the EDF group and the main French distribution network operator, has strongly developed its underground networks. The resulting large increase in capacitive currents has led them to adopt a new MV neutral grounding system via the MALTEN project [1] . The compensated MV neutral, which will be used from now on in EDRF mixed networks, allows the limitation of earth fault currents and local voltage rises to levels compatible with the safety of persons and property. It should be noted that the French network is not operated with a sustained fault: an earth fault longer than 700ms triggers the disconnection of the concerned feeder. The implementation of this new neutral point system required a review of the MV network protection scheme. The current criteria used until now for the detection of earth faults was no longer compatible with the compensated neutral point system: it was necessary to adopt new detection principles for both HV/MV stations and fault passage indicators installed on the MV feeders. The first generation of indicators has shown its limitations, both in terms of performance and maintenance. This is why ERDF decided to develop a new generation of indicators tested on a new test bed developed for the occasion.
DETECTION PRINCIPLES
Earth faults on compensated neutral point networks can take three forms: self-extinguishing faults, restriking faults and permanent faults. The self-extinguishing faults are those that disappear on their own when the current crosses zero because the insulation fault itself has disappeared: this is typical of an arc in air by a bolt of lightening. The restriking faults are a series of self-extinguishing faults that are observed when the insulation fault does not disappear after the initial extinction of the fault. Once the voltage across the insulation reaches the breakdown voltage again, a new fault occurs, and so on: a cable accessory fault is a typical example. Permanent faults are characterised by a permanent insulation fault, as in the case of an accidental and durable contact of a conductor with an earth, for example a wire on the ground. The appearance of a fault is characterised by the appearance of a residual voltage and current. Regardless of the type of fault, for a given fault resistance, it results in the same transient pattern. In these conditions, ERDF has chosen as the detection criteria for an earth fault the resulting crossing of residual voltage and current thresholds. This detection method catches all fault types, whether they trigger the feeder or not. In the first case, the indicator issues an earth fault alarm and increments a fault counter in case of optional counter. In the second case, it just increments the counter, if this option has been chosen. Thus, the fault indicator plays a double role: It is used to locate the faults and, by periodic reading of the counter, gives the operator data on the health of their network. Prague, 8-11 June 2009 Paper 0161
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The crossing of the two residual voltage and current thresholds is synonymous with an earth fault, but it is their phase (in or out of phase) that is used to locate the fault either up or downstream of the indicator. For that, we use a colour code system: • Earth fault: red or green depending on the position of the fault; • Poly-phase fault: red and green at the same time. The red and green colours are earth faults meeting the following conditions:
• MV/LV station: green when the fault is located on the MV bus bar side of the station and red when it is located on the network side; • Overhead line support: green when the fault is located on the support side and red when it is located on the network side.
Figure 2: earth fault colours
Using this colour code system, the detector can indicate the occurrence of a fault and its position no matter which way the energy is travelling. You should however note that the residual current levels are much lower in the case of a fault located upstream of the indicator than in the case of a fault downstream: it can therefore happen that an upstream fault is not signalled.
THE OLD INDICATION GENERATION SYSTEM
Two types of indicator have been developed, those for underground networks and those for aerial networks. Their detection and alarm transmission logic are identical but their measuring systems are very different. In the case of underground networks, three toroidal cores are used to measure the phase currents, while the single voltage measurement is made via the voltage tap on the separable current connectors used to verify the absence of MT voltage. In the case of overhead line network, the fault indicator is placed at person height on a pole. By measuring the electrical and magnetic fields inside the cabinet, the MV voltage and current values can be evaluated respectively. You will easily see that the accuracy of the measurements will be clearly worse for overhead line networks than in the case of underground networks. The performance requirements have therefore been focussed on detectors for overhead line networks. A validation criterion, in the occurrence of the presence of a residual voltage at or near 50Hz in the 60ms following the crossing of the residual voltage and current thresholds, has been added to make the detection of an earth fault more reliable. It corresponds to either a fault extinction process near to 50Hz or the creation of a permanent fault at 50Hz. The complete detection parameters have been set as follows:
• Residual voltage threshold: certain detection at 11kVpeak and certain non-detection at 7kVpeak.
• Residual current threshold: certain detection at 70Apeak and certain non-detection at 50Apeak.
• Certain validation at 4kVrms and certain nondetection at 3kVrms. There were a significant number of construction solutions, as they were left to the suppliers' initiative: multiple power feed methods with specific connections. The battery lifespan was specified as 5 years, requiring several maintenance actions during the life of the indicator. The experience feedback showed, on the one hand, variation in performance of overhead line network detectors connected to environmental variations according to the configuration type (vertical, horizontal, delta, etc.) , the height of the pole, possible variations in magnetic field connected to vegetation; and, on the other hand, a performance which should be improved. There were too many faults cleared by the HV/MV station protection, i.e. zero sequence wattmeter protection (c.f. [2]) but not detected by the fault indicators. , The orders of magnitude of sensitivity are 2.5kΩ and 200Ω respectively for the MV feeder protection and a fault passage indicator.
THE NEW GENERATION
As there is no simple and rapid solution to improve indicator performance for overhead line networks, ERDF decided to improve and make more reliable the equipment for underground networks by removing the priority for overhead line network detectors. The improvement in performance was obtained by reducing the thresholds of detection:
• Residual voltage threshold: certain detection at 5kVpeak and certain non-detection at 3kVpeak.
• Residual current threshold: certain detection at 35Apeak and certain non-detection at 25Apeak.
• Certain validation at 2kVrms and certain nondetection at 1.5kVrms. Taking into account the measuring methods, calculation of the residual current by summing the phase currents and using the voltage test point of MV separable connectors, it seems difficult to go below these values. Moreover, to limit the spread of characteristics of the capacitive voltage dividers, an automatic measurement gain correction apparatus was required; the gain of each path self calibrates so that the calculated residual voltage is null in a normal situation. Under these conditions, the sensitivity of the detectors is estimated to be approximately 600Ω to 1000Ω, which represents a significant improvement and reduces the difference in sensitivity between the MV feeder protection and the fault passage indicators. In parallel, we specified a certain number of characteristics such as the range of fundamental frequencies for the initial current and voltage transients. A standardisation effort for the construction arrangements has also been made to simplify maintenance of the equipment. Only two power supply methods are allowed:
• power by backed up 230V~,
• autonomous supply of the indicator. In either case, only a single primary battery type can be used (3,6V, D format, wound lithium chloride) individually replaceable without tools. In all cases, their autonomy is 7.5 years for a minimum equipment lifetime of 15 years. Also, a battery end of life alarm is required, coupled with an indicator failure alarm (i.e. a "watchdog"). The permissible size and the mounting hole positions have also been set and a standard connector imposed, which enables the easy replacement of a fault indicator with another of a different brand.
THE CONFORMITY ASSESSMENT
Before being installed on the network, the indicators must naturally be qualified, i.e. amongst others, prove their compliance with:
• classic behaviour standards for electrical perturbations and standard tests for operating limits and behaviour over time; • particular specifications, operational behaviour and manufacturing provisions. The operational tests of the first generation equipment were carried out in two phases, firstly on a reduced scale to verify the sensitivity thresholds and the alarm triggering sequences and then on an experimental MV line at the EDF R&D power laboratories to test their behaviour with real faults. The tests on the experimental MV line presented several difficulties. As the length of the experimental line is small, the cable capacitance was simulated with capacitors: the installation is therefore not truly representative. The inductance of the overhead line sections and the capacitance of the underground sections are evenly distributed in the real world and the transient regimes of fault establishment are different. The creation of real faults requires a difficult and costly implementation: the number of tests is limited and they are difficult to reproduce, particularly in the case of restriking faults. In these conditions, it was decided to develop a new reduced scale test bed with high flexibility. It is based on a secondary injection tests device, which can be used to carry out three series of tests:
• behaviour under real pre-recorded faults;
• verification of operating thresholds;
• verification of fault sequences.
Each series of tests uses pre-recorded configurable programmes. The tests can be launched manually or automatically: for example, a series of a large number of the same test can be programmed which allows us to verify the stability of the equipment behaviour. 
Pre-recorded faults
This test is used to verify the proper behaviour of the detectors with real faults. They are a substitute for the old tests on the experimental MV line. It is possible to adjust the residual voltage and current levels injected to values near the operating thresholds while conserving the waveforms. One should however be careful with these adaptations and not apply too large a correction. This can lead to incorrect interpretations, for example transforming an earth fault into a double fault because of an excessive residual current.
Operating thresholds
The test tool generates zero sequence signals whose characteristics can be varied at will. For example, in the case of earth fault detection threshold, we superimpose a zero sequence signal on direct three-phase voltages and currents by injecting the following values: 
Fault sequences
The specification allows for a certain number of priorities in the issuing of alarm signals. For example, we require the memorisation of the colour of the first fault in the case of a reclosing cycle; the asynchronicity of the feeder circuit breaker poles on opening and closing can cause unbalanced voltages that should not be taken into account. Another example, if a single phase fault evolves into a multi-phase fault, it is the latter that should be memorised. About twenty different and consecutive fault sequences have been programmed to verify the equipment conformity with the specification requirements.
In conclusion, over and above its ease and flexibility of use, this new test bed has multiple advantages. It guarantees identical behaviour of different indicators; for example, several indicators of the same of different brands can be tested in parallel. It guarantees stability of the equipment behaviour by virtue of the large number of repetitions of the same test. It allows on-demand investigative tests and their reproducibility: for example, one can verify the pass band of phase toroidal cores charged to their assigned value when superimposing a zero sequence regime in the form of pulses within the range of frequencies specified for the voltages and currents Vpeak and Ipeak. 
EXPERIMENTS
Experiments on the network have allowed the verification of:
• the simple installation of these new indicators: installation, commissioning, operation and maintenance, • the proper operation in the real environment. In particular, we have been able to notice a net improvement in their performance compared to the first generation equipment and identical behaviour of the different indicators, which was not always the case for those of the first generation.
CONCLUSION AND PROSPECTS
Given the positive results in tests and experiments, the new detection algorithm is already being implemented in the RTUs of the MV switchgears of the remote controlled network. In addition, it is envisaged that these new indicators will be integrated within the framework of the new intelligent meters policy and, in particular, to capture the battery end of life alarm from the indicator (i.e. the "watchdog") and the fault indications via the communications infrastructures installed at this time. The studies in progress are now focussed on fault indicators for overhead line structures, particularly on detection methods as the voltage and current evaluation methods using the electrical and magnetic fields does not seem viable in the longer term. 
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